Introduction {#sec1}
============

Cardiovascular diseases (CVDs) have long been challenging in modern medicine. This group of diseases accounts for 17.3 million deaths per year and leads the mortality statistics on a global scale.[@bib1] Although age-adjusted mortality rates have decreased throughout the last decades, CVD and especially coronary heart disease (CHD) account for about 20% of deaths in Europe annually and remain highly prioritized fields in medical research.[@bib2], [@bib3] Since CHD is mainly caused by atherosclerotic plaques, it is reasonable to tackle the main risk factors for atherosclerosis (namely, hypertension, diabetes mellitus, hyperlipidemia, obesity, smoking, and lack of physical activity) in a secondary preventive therapy.[@bib4], [@bib5] The prognosis of CHD can be greatly improved by lifestyle changes (e.g., weight loss, cessation of smoking) and by a variety of drugs (e.g., angiotensin-converting enzyme \[ACE\] inhibitors, antiplatelet therapy, β blockers).[@bib4], [@bib6], [@bib7], [@bib8] However, in many cases, intervention in the form of surgery (e.g., coronary artery bypass surgery \[CABG\] or percutaneous transluminal coronary angioplasty \[PTCA\], with or without stent insertion) is unavoidable.[@bib9] While overall mortality with balloon angioplasty did not differ from mortality with CABG, rates of restenosis and reintervention were considerably higher.[@bib10], [@bib11], [@bib12] Balloon angioplasty was soon augmented by use of bare metal stents (BMSs). Unfortunately, in-stent restenosis and stent thrombosis (ST) may occur.[@bib13], [@bib14] Stent implantation is seen as a trauma to the intimal structure triggering an inflammatory reaction.[@bib15] Endothelial cells (ECs) in the stented area respond to local inflammation through elevated levels of surface-bound adhesion molecules, which facilitate the migration of leukocytes into the intima. The inflammatory reaction mediated through the migrating leukocytes causes a proliferation of intimal smooth muscle cells (SMCs) leading to narrowed vessel lumen.[@bib15], [@bib16] Furthermore, overexpression of adhesion molecules promotes a chronification of the inflammatory process.[@bib17] Drug-eluting stents (DESs) were introduced to inhibit neointimal hyperplasia and, hence, slow restenosis of the stented lumen. DESs are essentially BMSs coated with a polymer that releases an antiproliferative agent.[@bib18] The agents as well as the stent design have changed over the course of time, forming two generations of DESs: first-generation (using sirolimus or paclitaxel) and second-generation (using everolimus or zotarolimus) DESs. Both generations show a significant reduction of target-location revascularization compared to BMSs. However, long-term mortality rates remain similar and the risk of late ST and late target-location revascularization persists.[@bib19], [@bib20], [@bib21], [@bib22] Inhibition of re-endothelialization could be responsible for late restenosis.[@bib23]

There are new approaches in medical research targeting the mechanism of restenosis on a molecular level to prevent an overexpression of adhesion molecules and thus chronic inflammation. A favorable and elegant method to lower the expression of adhesion molecules is gene silencing, also called gene knockdown. 20- to 25-nucleotide-long RNA strands are used, which are complementary to the mRNA of the target protein. This leads to so-called RNAi: mRNA binds the artificial RNA molecule, leading to the degradation of the double-stranded complex and inhibiting the biosynthesis of the target protein. According to their function, these RNA molecules are called small interfering RNAs (siRNAs).[@bib24] However, naked siRNAs have a fairly short half-life and are prone to degradation by endo- and exonucleases.[@bib25], [@bib26] There are two main working points through which the half-life can be extended: (1) through alteration of the siRNA on a molecular level (e.g., modification of the backbone)[@bib26] or (2) through the use of a carrier substance preventing degradation or binding the negatively charged siRNA.[@bib27] A potent carrier to do so is atelocollagen (ATCOL). ATCOL is basically a modified type I collagen. It is obtained by enzymatic treatment of bovine type I collagen with pepsin leading to the detachment of the telopeptides (N- and C-terminal ends of the collagen molecule), which influence the immunogenicity of the molecule immensely.[@bib28], [@bib29] Combined with the natural biocompatibility of collagen, this modification creates a well-tolerated molecule that has many applications in modern medicine (e.g., as a hemostatic agent, bone cartilage substitute, etc.).[@bib30], [@bib31] Referring to its use as carrier, there have been several studies demonstrating the usefulness of ATCOL in the delivery of nucleic acids.[@bib31], [@bib32], [@bib33], [@bib34], [@bib35] Furthermore, ATCOL has proven to be a viable option in gene silencing, increasing the efficacy of siRNA transduction and offering protection against nucleases.[@bib29] This is mostly achieved through the very stable complexation of the two agents (mostly through hydrogen bonding).[@bib36] Another siRNA carrier is the cationic lipid Lipofectamine 2000 (Invitrogen), which is able to form nanoparticles with nucleic acids due to opposite charges. The negatively charged siRNA causes complexation with the cationic lipid. Consequently, the positively charged siRNA/Lipofectamine 2000 complex can be included in the cell because the electrostatic repulsion of the cell membrane will no longer have an effect.[@bib37] Lipofectamine 2000 is known as a very potent transfection reagent resulting in high transfection efficiencies.

In this study, we focused on developing a bioactive stent coating using siRNA that is complementary to intercellular adhesion molecule-1 (*ICAM-1* or *CD54*). ICAM-1 is prominent on ECs during inflammatory reactions and part of the inflammatory cascade mentioned above and is thus a promising target to break the "vicious cycle" of restenosis. To find an agreeable concentration of ATCOL, we prepared different ATCOL layers and tested cell growth and hemocompatibility. Our siRNA was immobilized in ATCOL layers by drying them on glass slides, followed by cultivation with an immortalized EC line (EA.hy926). The release of embedded fluorescent-labeled siRNA was tested for long-term efficacy with a fluorescent reader. Afterward, we assessed transfection efficiency using Alexa Fluor 488 (AF 488)-labeled siRNA by flow cytometry. In a second approach, we used *ICAM-1* siRNA in a similar setup to evaluate gene knockdown of the ICAM-1 protein in a short- and long-term assay by flow cytometry.

Results {#sec2}
=======

Cell Viability of EA.hy926 on ATCOL Surfaces {#sec2.1}
--------------------------------------------

Different concentrations of ATCOL coatings were tested for their influence on cell number, morphology, and adherence of EA.hy926. The evaluation of cell number measurement with a CASY cell counter (Schärfe System) showed no significant alterations in EA.hy926 cell numbers, which were cultivated on 0.008%, 0.016%, and 0.032% ATCOL layers ([Figure 1](#fig1){ref-type="fig"}A). A significant cell number reduction of 50% EA.hy926 cultivated on 0.064% ATCOL was seen compared to control glass slides and the other layers. These results could be visually confirmed by microscopic images after 24 hr ([Figures 1](#fig1){ref-type="fig"}B--1F) and 48 hr (data not shown) of cultivation. While control slides and concentrations of 0.008%, 0.016%, and 0.032% ATCOL demonstrated adherence of EA.hy926 evenly, the layer with 0.064% ATCOL provoked formation of a boundary line by cells ([Figure 1](#fig1){ref-type="fig"}E). Additionally, cells grew mainly one above the other and were round shaped and not fully spread. This phenomenon is also slightly visible with 0.032% and 0.016% ATCOL. In the following experiments, we focused on three concentrations of ATCOL due to excellent cell adhesion and no reduction in cell number: 0.008%, 0.016%, and 0.032%.

Release of siRNA AF 488 {#sec2.2}
-----------------------

The release of immobilized siRNA from ATCOL was observed over a period of 216 hr (9 days). The release was tested with fluorescently labeled siRNA by measuring the supernatant with a fluorescent reader. Within the first 4 hr of incubation, we detected the highest release of siRNA in the supernatant in all tested samples ([Figure 2](#fig2){ref-type="fig"}A). The release rate was nearly the same in all samples until the 24-hr time point of the experiment. Afterward, the 0.008% ATCOL layer demonstrated a faster release than the 0.032% ATCOL layer. Here, 0.008% ATCOL layers with 1 μg and 2.5 μg siRNA showed the lowest release values after 9 days ([Figure 2](#fig2){ref-type="fig"}B). The 1-μg 0.008% ATCOL coating provoked a decrease up to the 0.032% ATCOL control (without siRNA) at day 4. The same amounts of siRNA embedded in 0.032% ATCOL showed higher release values than 0.008% ATCOL after 9 days. At this time point, the highest release was observed with 5 μg siRNA in 0.032% ATCOL layers with 5,467 relative fluorescence units (RFU) followed by 5 μg siRNA in 0.008% ATCOL. No significant differences in release kinetics could be determined between the two different ATCOL coatings (0.008% and 0.032%) during the duration of the experiment.

Transfection Efficiency of siRNA AF 488 Mediated by ATCOL Coatings {#sec2.3}
------------------------------------------------------------------

Because ATCOL is used as a transfection reagent in many gene delivery studies,[@bib29], [@bib31], [@bib32], [@bib34], [@bib35], [@bib36] we tested the potential of 0.008% and 0.032% ATCOL coatings for transfection efficiency in EA.hy926 with 1, 2.5, and 5 μg siRNA AF 488. After 48 hr of cultivation, the percentage of transfected cells was very low in both ATCOL concentrations but correlated with increased siRNA amounts. The highest transfection efficiency was reached with the combination of 0.008% ATCOL and 5 μg siRNA, with 7.6% positive cells ([Figure 3](#fig3){ref-type="fig"}A); 0.032% and 5 μg siRNA showed 3.4% transfected cells ([Figure 3](#fig3){ref-type="fig"}B). Considering these unsatisfying transfection efficiencies, we decided to optimize the transfection process by adding Lipofectamine 2000. Here, a remarkable significantly higher amount of transfected cells was observed. The use of Lipofectamine 2000 led to 68.9% positive cells with 0.008% ATCOL and 5 μg siRNA ([Figure 3](#fig3){ref-type="fig"}A). The highest transfection efficiency (75.2%) was achieved with 0.032% ATCOL and 5 μg siRNA ([Figure 3](#fig3){ref-type="fig"}B). Comparing the two different ATCOL concentrations, the coating with 0.032% ATCOL resulted in generally higher transfection efficiencies than did that with 0.008% ATCOL, especially with 1 μg and 2.5 μg siRNA.

Knockdown of ICAM-1 {#sec2.4}
-------------------

In our study, knockdown of ICAM-1 is defined as the percent removal of the ICAM-1 receptor on EA.hy926 caused by RNAi. Here, siICAM-1 is able to bind to the complementary mRNA and to degrade it. First, ICAM-1 knockdown by 0.008% ATCOL and siICAM-1 without Lipofectamine 2000-coated glass slides was tested after 48-hr incubation with EA.hy926. All three amounts of siICAM-1 (1, 2.5, and 5 μg) could not provoke a knockdown ([Figure 4](#fig4){ref-type="fig"}A). The values are even slightly higher than the tumor necrosis factor (TNF)-α/antibody (Ab) control. The scrambled siRNA (siSCR) coatings that contained a siRNA that is not complementary to *ICAM-1* mRNA mediated no significant change in ICAM-1 expression compared to the TNF/Ab control and the siICAM-1 samples. The decision to use Lipofectamine 2000 for reinforcement of the transfection efficiency resulted in a higher knockdown of ICAM-1. Both concentrations of ATCOL coatings (0.008% and 0.032%) showed an increase in ICAM-1 knockdown with increasing amounts of siICAM-1 ([Figure 4](#fig4){ref-type="fig"}). Furthermore, a significant difference between 5 μg siICAM-1 and the control (5 μg siSCR) was observed with both ATCOL concentrations. While the knockdown provoked with 1 μg siICAM-1 was almost the same with the 0.008% (31.7%) and 0.032% (30.3%) ATCOL coatings, values differed with 2.5 μg and 5 μg siICAM-1. Here, the 0.032% ATCOL coating resulted in a higher ICAM-1 knockdown with 49.6% (2.5 μg) and 60.4% (5 μg), compared to 0.008% ATCOL with 41.8% (2.5 μg) and 47.9% (5 μg).

Long-Term Knockdown of ICAM-1 {#sec2.5}
-----------------------------

Focusing on a long-term release of siRNA for later medical application, we examined the knockdown of ICAM-1 over a period of 8 days by flow cytometry every second day. Therefore, EA.hy926 cells were seeded onto 0.008% or 0.032% ATCOL transfection coatings (ATCOL/Lipofectamine 2000/siICAM-1) to examine the duration of substrate-mediated transfection. Additionally, we tested the knockdown by conventionally transfected cells to compare and reveal the potential for substrate-mediated knockdown. The highest significant ICAM-1 knockdown with 68.9% was reached with siRNA coatings after second day of incubation in the experiment with 0.008% ATCOL ([Figure 5](#fig5){ref-type="fig"}A). Very high knockdown was observed after the fourth and sixth days (63.3% and 48.7%), and 11.6% knockdown on the eighth day. Conventional mediated transfection provoked no significant ICAM-1 knockdown compared to the TNF/Ab control. Moreover, conventional transfected cells showed significantly higher ICAM-1 expression compared to the siICAM-1 coating analyzed at days 2, 4, and 6. Similar results were achieved with conventional transfected cells with 0.032% ATCOL and siICAM-1, where the highest knockdown was reached after 2 days with 10.0% and there was a progressive reduction until the eighth day ([Figure 5](#fig5){ref-type="fig"}B). siRNA coating-mediated transfection with 0.032% ATCOL provoked significant knockdown after day 2 (41.1%) and day 4 (41%), ending in no knockdown after the sixth and eighth days.

Specific mRNA Degradation Analyzed by RLM-RACE-PCR {#sec2.6}
--------------------------------------------------

The proof of specific mRNA degradation products by transfection reagent-mediated knockdown is mandatory for specific gene silencing in the RNAi mechanism. Consequently, undesired side effects mediated by the biomaterial or transfection reagent provoking knockdown of the targeted protein mRNA can be excluded. The determination of the *ICAM-1* cleavage site by the products of 5′-RNA ligase-mediated rapid amplification of cDNA ends PCR (RLM-RACE-PCR) revealed the correct cleaved mRNA transcript at bp 1,818, based on our expectations ([Figure 6](#fig6){ref-type="fig"}). Control coatings such as ATCOL without TNF-α activation, ATCOL, or ATCOL/siSCR with TNF-α activation demonstrated no specific *ICAM-1* mRNA cleavage products (data not shown).

Hemocompatibility {#sec2.7}
-----------------

The determination of hemocompatibility is required for all medical devices according to International Organization for Standardization (ISO) standard 10993-4 and applied in our study testing 0.032% ATCOL coatings with incorporated siICAM-1 for later clinical application as a "worst case." First, cell numbers of blood cells were analyzed before incubation (0 hr) and after 1 hr of incubation with coated glass slides. The 1-hr sample served as a control and standard value. Then, coated glass slide samples were analyzed for hemocompatibility: ATCOL, ATCOL/Lipofectamine 2000, and ATCOL/Lipofectamine 2000/siICAM-1. Herein, the cell number of erythrocytes did not show variations in any sample ([Figure 7](#fig7){ref-type="fig"}A). Significant decreases ([Figures 7](#fig7){ref-type="fig"}B, 7C, 7E, and 7F) or increases ([Figure 7](#fig7){ref-type="fig"}D) of cell numbers were encountered comparing the 0-hr sample with most of the other tested samples. Furthermore, uncoated glass slides provoked a significant reduction of cell numbers in leukocytes and granulocytes compared to 1-hr control and ATCOL/Lipofectamine 2000 samples. However, the 1-hr blood control is crucial for the assessment of hemocompatibility and no significant changes in the cell numbers of leukocytes, platelets, lymphocytes, monocytes, and granulocytes were detected herein.

Furthermore, blood parameters (e.g., polymorphonuclear \[PMN\]) elastase) and values of the complement system (e.g., SC5b9 and C3a) were analyzed, revealing no significant value changes compared to the 1-hr control ([Figures 7](#fig7){ref-type="fig"}G--7I). Further investigations for hemocompatibility analysis were made analyzing hemolysis. All coated glass slides revealed significantly higher amounts of free hemoglobin in plasma ([Figure 7](#fig7){ref-type="fig"}J). Nevertheless, the standard value of 40 mg/100 mL plasma was been exceeded.

Discussion {#sec3}
==========

The development of new therapeutic strategies for preventing in-stent restenosis after coronary stent placement is a huge challenge. A promising new personalized therapeutic strategy comprises the application of gene-silencing stents that release specific therapeutic siRNAs to the ECs of the vascular wall for its faster regeneration and inhibition of restenosis. Several studies have evaluated the use of siRNAs against different target proteins involved in atherosclerotic processes.[@bib38], [@bib39], [@bib40], [@bib41], [@bib42] For therapeutic siRNA release over a period of time, a biomaterial that supports storage features and controlled release and has no adverse effects to cell viability and hemocompatibility should be chosen. Therefore, we decided to use the biocompatible protein ATCOL, which has low toxicity and immunogenicity.

We evaluated the viability of EA.hy926 cells after seeding them onto different ATCOL layers. Our analysis revealed comparable cell counts between 0.008%, 0.016%, and 0.032% ATCOL coatings and the control. However, a significant reduction in cell number was found on the 0.064% ATCOL surface. We assume that higher ATCOL concentrations result in a softer coating surface. It is well known that substrate stiffness plays a pivotal role in cell adhesion, migration, proliferation, and differentiation.[@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48] The majority of EA.hy926 cells grown on 0.064% ATCOL showed a change in cell adhesion with less pseudopodia and a rounded cell shape. These results coincide with the findings of Nolte et al.,[@bib49] in which softer polyelectrolyte multilayers consisting of hyaluronic acid/chitosan caused lower cell viability than the stiffer material (sulfonated polystyrene/polyallylamine hydrochlorite). Additionally, their microscopic images showed the same cell morphology with rounded cells on low rigidity films, like we observed with the 0.064% ATCOL layer.

A gene-eluting stent coating must fulfill the following requirements: biocompatibility, nucleic acid storage, and controlled release. Furthermore, it is beneficial if the coating supports the delivery of the therapeutic siRNA into cells.

Many previous studies have indicated that ATCOL is a highly potential transfection reagent for gene transfer in vitro and in vivo.[@bib29], [@bib31], [@bib32], [@bib34], [@bib35], [@bib50], [@bib51] In addition, several opportunities for designing an ATCOL gene carrier exist, including minipellets, gels, sponges, or injectable solutions. In this study, we prepared an air-dried siRNA/ATCOL film for surface-mediated therapeutic siRNA delivery for later medical application. We examined the combination of 0.008% or 0.032% ATCOL with 1, 2.5, and 5 μg naked siRNA AF 488 for transfection efficiency in EA.hy926 and revealed unexpectedly few transfected cells ([Figure 3](#fig3){ref-type="fig"}). The knockdown experiment showed no ICAM-1 protein reduction, which further provided evidence that the coating is not able to efficiently transfect EA.hy926 cells ([Figure 4](#fig4){ref-type="fig"}A). With regard to the results of Minakuchi et al.[@bib29] in preparing 0.008% ATCOL layers with siRNA, our results with 0.008% and 0.032% ATCOL could not achieve transfection efficiencies of 40%--60% (data not shown). Another study by Mu et al.[@bib50] showed successful gene silencing with 0.008% ATCOL/siRNA coating by RT-PCR. Due to their same experimental setup with an ATCOL/siRNA transfection layer in well plates, we assume that the preparation may be a focal point for successful incorporation of siRNA. Both groups prepared their transfection solution by mixing equal volumes of diluted ATCOL and siRNA solution. The solution was rotated at 4°C for 20 min and then air-dried. In contrast, we built the coating by similar mixing and static incubation at room temperature for 30 min. Another reason for the different transfection efficiencies may be the cell type intended for transfection.[@bib52] Whereas the other investigators used human prostate cancer and human testicular tumor cell lines, we transfected a hybrid cell line consisting of primary human umbilical vein cells and a clone of A549. Nevertheless, our approach of encapsulating siRNA into Lipofectamine 2000 led to significant augmented transfection efficiency in EA.hy926. We revealed that the transfection efficiency is dependent on the siRNA amount and ATCOL concentration. As siRNA quantity increased from 1 μg to 5 μg, we noticed significant increases in transfected cells in both ATCOL concentrations. Transfection efficiency with 5 μg siRNA was comparable between 0.008% (68.9%) and 0.032% (75.2%) ATCOL coatings. Higher values could be achieved by the 0.032% ATCOL coating with 1 and 2.5 μg siRNA compared to the transfection efficiencies of 0.008% ATCOL with the same siRNA amounts ([Figure 3](#fig3){ref-type="fig"}).

Gene silencing of cell adhesion molecules (CAMs) in ECs is one key focus of our group as a possible strategy to circumvent and prevent the inflammatory process after stent implantation.[@bib53] While DESs elute cytostatic agents for inhibiting excessive cell growth and migration of SMCs, our RNAi approach intends to interfere in this mechanism before the inflammatory machinery due to vessel injury can take place.[@bib54], [@bib55] Therefore, we chose to silence the ICAM-1 adhesion molecule of ECs by local release to prevent the leukocyte adhesion cascade.[@bib17] The coatings we designed with 0.008% or 0.032% ATCOL with 5 μg siICAM-1 and Lipofectamine 2000 were both able to reduce ICAM-1 significantly in our short-term experiment ([Figure 4](#fig4){ref-type="fig"}). Consequently, the transfection efficiency and short-term knockdown results led us to conclude that the amount of 5 μg siRNA embedded in 0.008% or 0.032% ATCOL layers is suitable for ICAM-1 knockdown in EA.hy926. 5′-RLM-RACE-PCR demonstrated the functionality of our substrate-mediated gene-silencing system. We detected the correct cleavage site for *ICAM-1* induced by siICAM-1 coating, meaning that siICAM-1 was able to degrade mRNA specifically. The control coatings with siSCR or with ATCOL only did not show typical mRNA degradation products at the cleavage site of *ICAM-1*. Consequently, we can say that the knockdown of ICAM-1 is due to the specific siRNA we used. To successfully prevent an inflammatory process after stent placement, long-term inhibition of leukocyte-endothelial interaction seems to be of crucial importance against in-stent restenosis.[@bib19], [@bib20], [@bib21], [@bib22]

The release of fluorescent-labeled siRNA was in line with our knockdown experiments and with our previous studies. The results after 9 days of release revealed that the coating of 0.032% ATCOL with 5 μg siICAM-1 contained the highest siRNA residual amount followed by the combination of 0.008% ATCOL and 5 μg siICAM-1 ([Figure 2](#fig2){ref-type="fig"}B). Therefore, we chose these two combinations as delivery coatings in our long-term knockdown experiment. The initial burst release within 4 hr seems to be responsible for the excellent ICAM-1 knockdown using 5 μg siICAM-1 embedded in 0.008% and 0.032% ATCOL ([Figure 2](#fig2){ref-type="fig"}A). Although the coating with 5 μg siICAM-1 and 0.032% ATCOL showed higher amounts of siRNA release over the 9-day period compared to the same coating with 0.008% ATCOL, we achieved lower knockdown values especially at days 6 and 8. We assume that a faster release of siRNA within the first days of transfection is mandatory for a high and sustained knockdown of the appropriate protein. Data from our two recent studies revealed the same results (O.K., D. Zengerle, N.P., S. Hossfeld, B.N., A.B., M. Avic-Adali, T.W., C.S., H.P.W., and A.N., unpublished data).[@bib53] Comparing the release of coatings with the same siRNA amount but different ATCOL concentrations, we found different release profiles after 24 hr of incubation. Different concentrations of ATCOL are known to influence the density of the collagen matrix and, consequently, the release of molecules. If the collagen concentration is reduced, the collagen matrix shows a lower density leading to a faster escape out of the collagen matrix.[@bib28] Our data underline the findings of Sano et al.,[@bib28] showing that the coatings with the lower ATCOL concentration (0.008%) released the fluorescent-labeled siRNA faster than the higher concentration (0.032%) after day 1.

Analysis of our long-term knockdown experiments with 5 μg siICAM-1 in either 0.008% or 0.032% ATCOL revealed an effective surface-mediated local knockdown compared to transfection particles in suspension. Moreover, ICAM-1 knockdown was extended when the cells were grown on the coatings. In particular, the 0.008% ATCOL coating demonstrated a considerable difference between substrate-mediated transfection and transfection by particles in suspension, showing significance until transfection day 6. Furthermore, we detected a difference in knockdown values between these two transfection methods on day 8, revealing a substrate-mediated knockdown of ICAM-1 with 11.6% and no knockdown in suspension. In comparison, the 0.032% ATCOL coatings could not provoke such considerable ICAM-1 knockdown values as 0.008% did. But we observed a significant ICAM-1 knockdown after the second and fourth days of incubation by ATCOL substrate and no significant differences after transfection in suspension. Additionally, when comparing both knockdown experiments with 0.008% and 0.032% ATCOL coatings, we found that 0.008% provoked an extended knockdown of ICAM-1 until the end of experiment (day 8), while 0.032% showed gene silencing until day 4. The higher transfection efficiencies and the higher release values of 0.032% ATCOL with 5 μg siICAM-1 compared with the results of the 0.008% ATCOL coating seem to be contradictory to the long-term knockdown results. However, we may find an explanation by taking a closer at the chemistry of our chemicals. Due to the positive charge of ATCOL and Lipofectamine 2000, both chemicals may be in competition with the negatively charged siRNA, especially when the concentration of ATCOL is augmented. Therefore, we expected more naked siRNA in the 0.032% ATCOL coating, which leads to a higher fluorescence signal in transfection efficiency measurement and in the release study. The worse long-term knockdown results may be attributed to the faster degradation of the naked siRNA by nucleases. Because the coating with 5 μg siICAM-1 embedded in 0.008% ATCOL shows better performance than 0.032% ATCOL transfection coating concerning the long-term knockdown of ICAM-1, it would be ideally suited for inhibiting restenosis after stent placement. Furthermore, it is important to emphasize that we expect an even more prolonged gene silencing of ICAM-1 in in vivo experiments than in in vitro experiments, because cell division in tissue culture is much faster than in in vivo ECs. When cells divide, siRNAs are diluted each time and, consequently, the silencing of the protein is diminished.[@bib56]

The examination of the hemocompatibility of our ATCOL coatings proved that the coating of siICAM-1 and Lipofectamine 2000 embedded in ATCOL is biocompatible in contact with blood, leading to a favorable outlook for stent coating. We observed no significant cell number reduction in erythrocytes, leukocytes, platelets, lymphocytes, monocytes, and granulocytes after incubation with coated glass slides compared with the control ([Figures 7](#fig7){ref-type="fig"}A--7F). We revealed significant differences comparing the uncoated or coated glass slides with the nonincubated blood control (0 hr), which is mediated most likely due to an interaction between the incubation tube and the blood cells. The results of our blood cell test indicate that blood cells do not accumulate on the ATCOL/siICAM-1 coating, because no reduction in cell number was observed compared to the 1-hr control. Furthermore, we proved the hemocompatibility of our coating system by testing the complement system values of SC5b9 and C3a and the PMN elastase. We noted a significant increase comparing 0-hr samples to 1-hr samples as described above in all three parameters, but we determined no increase in transfection coating with ATCOL and siICAM-1. Additionally, we found out that none of the coatings provoke hemolysis. In this respect, we suppose that our experiments and results lead the way to a promising new approach in stent development for combating risk after PTCA.

The combination of the biocompatible protein ATCOL with embedded siRNA particles targeting *ICAM-1* seems to be a sophisticated therapeutic approach for the intervention in inflammatory processes after stent placement. The high cell viability of EA.hy926 grown on 0.008%--0.032% ATCOL demonstrated the imperative biocompatibility of the polymer. Furthermore, the coating shows good hemocompatibility, proven by no adsorption of blood cells to the coatings and no hemolysis, inflammation, or complement activation. Unexpectedly, ATCOL with naked siRNA was not able to transfect EA.hy926 sufficiently. As a consequence, we added Lipofectamine 2000 to our ATCOL/siRNA coatings and achieved significantly high transfection efficiencies with 68.9% (0.008% ATCOL) and 75.2% (0.032% ATCOL) positive cells. Our experiments show that the coating consisting of 0.008% ATCOL and 5 μg siICAM-1 is suitable for long-term knockdown of ICAM-1 protein up to 8 days. Because of this excellent performance of ATCOL combined with the personalized approach of using therapeutic siRNA, we consider our coating as a transferable system for in vivo applications that should be further investigated.

Materials and Methods {#sec4}
=====================

Chemicals for ATCOL Coating {#sec4.1}
---------------------------

Bovine dermis ATCOLs (3 mg/mL) from Cosmo Bio was diluted under sterile conditions with 5 mM sodium acetate buffer (pH 5.5). Different concentrations of ATCOL were used for coatings: 0.008%, 0.016%, 0.032%, and 0.064%. Sodium acetate was purchased from Sigma-Aldrich and prepared with double distilled water (ddH~2~O) (Ampuwa; Fresenius Kabi).

siRNAs {#sec4.2}
------

The following siRNA (siICAM) was used for gene knockdown: human ICAM-1 with sense strand 5′-GCC UCA GCA CGU ACC-UCU ATT-3′ and antisense 5′-UAG AGG UAC GUG CUG AAG CTT-3′. AF 488-labeled E-selectin siRNA AF 488 was applied to test the transfection efficiency (sense strand 5′-UUG AGU GGU GCA UUC AAC CTT-3′ and antisense 5′-GGU UGA AUG CAC CAC UCA ATT-3′; both from Eurofins MWG Operon). Control nonsense siRNA (siSCR) was supplied by QIAGEN. QIAGEN does not provide the sequences of their nonsilencing siRNAs but ensures that they have no homology to any known mammalian gene. This nonsilencing siRNA is validated by using Affymetrix GeneChip arrays and a variety of cell-based assays and is shown to ensure minimal nonspecific effects on gene expression and phenotype.

Substrate for ATCOL Coatings {#sec4.3}
----------------------------

The ATCOL coating was prepared on glass slides from Marienfeld, with a dimension of 10 × 10 × 1 mm. The slides were purified by ultrasonication (Bandelin RK 100H Sonorex; Bandelin Electronic) with 2% Hellmanex solution from Hellma before rinsing with ddH~2~O. Air-dried slides were sterilized in a heating furnace (Binder) at 200°C for 4 hr prior to their use in the ATCOL coating procedure.

Preparation of ATCOL/siRNA Coatings {#sec4.4}
-----------------------------------

The different ATCOL concentrations (0.008%, 0.016%, 0.032%, and 0.064%) were prepared by diluting the stock solution with sodium acetate buffer. siRNA (20 μM) was diluted in 0.15 M NaCl (Fresenius Kabi) and either added to Lipofectamine 2000 or not, depending on the experiment. We mixed different amounts of Lipofectamine 2000 with different amounts of siRNA in the following way: 1 μL Lipofectamine 2000 to 1 μg siRNA, 2 μL to 2.5 μg and 3 μl to 5 μg, respectively. Then, the two solutions (diluted ATCOL and siRNA with or without Lipofectamine 2000) were incubated separately for 10 min and then combined, shortly vortexed, and spun down. Within 20 min, complexes were allowed to form at room temperature. Glass slides were covered with 100 μL of the respective coating solution and air-dried under sterile conditions. ATCOL coatings without siRNA and Lipofectamine 2000 served beside uncoated glass slides as a control in flow cytometry.

ATCOL/siRNA-Mediated Transfection of EA.hy926 {#sec4.5}
---------------------------------------------

Coated glass slides were put in a 24-well plate and a maximum of 75,000 EA.hy926 cells in a 50-μL volume were applied on one glass slide. After 30-min incubation time, 1 mL medium was added to each well and cells were cultivated for 48 hr at 37°C. Thereafter, cells were prepared to determine transfection efficiency and knockdown of ICAM-1 protein expression by flow cytometry. The long-term knockdown experiment required adaption of the cell number due to the elongation of cultivation time up to 8 days. The cell number for seeding was reduced from 75,000 EA.hy926 to 30,000 for 4-day cultivation, to 23,000 for 6-day cultivation, and to 15,000 for 8-day cultivation.

To compare the results of the coating-mediated transfection with conventional transfection, cells were seeded 24 hr prior to coating transfection in a 24-well plate. At time point 0 (cultivation of cells on the coating), the same siRNA Lipofectamine 2000 and ATCOL amount that was used for the coating preparation was added to the cells in a solution. After 4 hr of transfection, the complete medium with transfection solution was discarded and cells were washed with cell culture medium. EA.hy926 cells were further cultured with fresh DMEM until the day of flow cytometry analysis. To enable the best cell growth, the medium was changed every second day.

Cultivation of EA.hy926 {#sec4.6}
-----------------------

The immortalized human umbilical vein cell line EA.hy926 (LGC Standards) was used for all cell experiments. Cells were cultured in high-glucose DMEM containing 10% fetal calf serum, 1% penicillin/streptomycin, and 1% [l]{.smallcaps}-glutamine (Gibco, Division of Life Technologies).

Release of AF 488-Labeled E-selectin siRNA AF 488 {#sec4.7}
-------------------------------------------------

Coatings of two different concentrations of ATCOL, 0.008% and 0.032%, were tested with 1, 2.5, and 5 μg E-selectin siRNA AF 488 to determine their release profile. Coatings were prepared as mentioned previously and the dried coated glass slides were placed in 24-well plates with 1 mL PBS. Slides were incubated under cell culture conditions at 37°C and supernatant was measured at defined time points with the Mithras LB 940 fluorescent reader (Berthold Technologies) at 485-nm excitation and 535-nm emission. Each sample value was represented in a XY scatter chart. Additionally, the last measured fluorescence intensity values were summed to determine the differences between the samples in a bar chart at day 9.

Flow Cytometry {#sec4.8}
--------------

Transfection efficiency or knockdown of ICAM-1 protein expression was determined by flow cytometry after different cultivation times. Transfection efficiency is shown as the relationship of positive (fluorescent) cells to the total cell amount, given in percentages. In our study, cells were transfected by substrate-mediated transfection with AF 488-labeled siRNA. After cultivation, cells were removed from the substrate by washing and detachment. Cells were subsequently fixed with 2.5% paraformaldehyde (PFA). Flow cytometry analysis was performed with 5,000 cells/measurement (FACScan; Becton Dickinson). The green fluorescence (FL1) signal within the cells was detected by a flow cytometer laser that also recorded forward and side scatter for the detection of viable cells. The results were evaluated with CellQuestPro software (Becton Dickinson), and the number of counts was plotted against the logarithmic scale of FL1. The marker was set at control samples ≤ 1 and transfection efficiency of the transfection samples was determined by this gate. This resulted in the transfection efficiency, given in percentages.

In our study, knockdown of ICMA-1 is defined as the percentage removal of the ICAM-1 receptor on EA.hy926 caused by RNAi. Here, siICAM-1 is able to bind to the complementary mRNA and degrade it. Therefore, surface-mediated siICAM-1 transfection was ended after the defined period and cells were stimulated with 5 ng/mL TNF-α (BD Biosciences) for 14 hr to induce ICAM-1 protein expression. Afterward, immunofluorescence staining with PE mouse anti-human CD54 (BD Biosciences) (30 min at 37°C) was prepared, followed by detachment, PFA fixation, and flow cytometry analysis. Here, the number of counts was plotted against the logarithmic scale of FL2. Geometric mean fluorescence was used to evaluate the results. The control treated with TNF-α and stained with Ab was set to 100%, and transfected cells with siICAM-1 and siSCR were assessed in relation to the control. The figures show the ICAM-1 expression after gene knockdown. Knockdown values are the calculated difference between the control at 100% and the ICAM-1 expression values.

Cell Viability: Cell Counting and Inverted Microscopy {#sec4.9}
-----------------------------------------------------

Cell compatibility of EA.hy926 cultivated on ATCOL-coated glass slides was tested by a CASY cell counter and inverted microscopy. Different concentrations of ATCOL were examined: 0.008%, 0.016%, 0.032%, and 0.064%, while uncoated glass slides served as a control. 75,000 EA.hy926 cells were seeded onto the coated glass slides and cultivated for 24 and 48 hr, respectively. Cells were then washed and detached for cell counting with a CASY cell counter to distinguish dead cells from living cells, due to their lower resistance in an electronic pulse area analysis. EA.hy926 morphology and cell behavior were visualized with an Axiovert 135 microscope (Zeiss) and images were captured with the corresponding software.

Hemocompatibility {#sec4.10}
-----------------

The development of medical devices requires their verification and qualification in respect tobiocompatibility, primarily cytocompatibility (ISO 10993-5), and hemocompatibility (ISO 10993-4). ISO 10993-4 demands at least one test addressing thrombosis/coagulation, hematology, inflammation, and the complement system to determine the compatibility of a medical device with blood.

Therefore, hemocompatibility of different combinations was analyzed with glass slides coated on both sides. Both sides were coated because glass activates blood coagulation. Consequently, we reduced the free glass surfaces, with the exception of their edges. We used 0.032% ATCOL as a worst case in the following sample preparations as coating solution: (1) ATCOL, (2) ATCOL and Lipofectamine 2000, and (3) ATCOL and siICAM-1-Lipofectamine 2000 (5 μg siRNA). Uncoated glass slides with 0-hr and 1-hr blood contact time served as a control and a baseline, respectively. Glass slides were incubated in 14-mL round-bottom tubes (Falcon; Corning Life Sciences) at 37°C under gentle shaking with 13 mL human blood. Six independent blood donors were used for hemocompatibility evaluation. After 1-hr incubation, blood was analyzed with a Micros 60 counter (ABX Diagnostics) for blood cells such as leukocytes, erythrocytes, and platelets. Protein expression of C3a and SC5b9 associated with the complement system was analyzed by ELISAs (both Osteomedical). PMN elastase was tested as a sign of degranulation of leukocytes during an inflammatory reaction (Demeditec Diagnostics). Additionally, β-thromboglobulin expression, associated with activated platelets, was determined by the ASSERA-CHROM β-TG kit (Diagnostica Stago).

Furthermore, a hemoglobin color test (no longer available; Roche) was used to assess coated and uncoated glass slides for their hemolysis capability. In short, defrosted citrated plasma was incubated with a reaction solution (0.6 mM potassium hexacyanoferrate III and 750 nM potassium cyanide) for 3 min at room temperature. Free hemoglobin converts into cyanohemoglobin in the presence of reaction solution and is measured photometrically at 546 nm.

RLM-RACE-PCR {#sec4.11}
------------

The pivotal point of gene knockdown with siRNA is to prove that RNAi is due to the complementary binding of the siRNA to the respective mRNA and not because of unspecific reactions. In 2004, Soutschek et al.[@bib26] established the 5′-RLM-RACE-PCR technique detecting siRNA-mediated mRNA cleavage. Subsequently, Davis et al.[@bib57] used this technique to verify siRNA-mediated mRNA cleavage in a human phase I clinical trial. Herein, cleaved mRNA products can be detected, meaning that 5′-RLM-RACE-PCR is especially suitable for applications with siRNA transfection, to confirm the mRNA degradation dependent on the base pair sequence of the siRNA. Coatings of glass slides were produced as mentioned before, with 5 μg siICAM-1, Lipofectamine 2000, and 0.032% ATCOL. 75,000 EA.hy926 cells were cultivated on the coated glass slides for 48 hr. Afterward, cells were stimulated with TNF-α (5 ng/mL) for 14 hr before the RNA was isolated using the Aurum total RNA mini kit (Bio-Rad Laboratories). After quantification of eluted RNA, the RNA was ligated with a 5′-RACE adaptor in presence of T4 RNA ligase, which is commercially available in the First Choice RLM-RACE Kit (Life Technologies). RNA re-isolation was followed by reverse transcription using 200 ng ligated RNA Moloney murine leukemia virus (M-MLV) reverse transcriptase for first-strand cDNA synthesis. Gene-specific primers must be designed for the first-strand synthesis as well as for the outer and inner PCR occurring after first-strand cDNA synthesis. Primers were designed with Primer3[@bib58] and Primer Premier 5 software (PREMIER Biosoft International) and are shown in [Table 1](#tbl1){ref-type="table"}. Outer and inner PCR reactions were conducted via qRT-PCR and contained IQ SYBR Green Supermix (Bio-Rad) performed in triplicate. The reaction mixture contained 400 nM forward and reverse primers with 2 ng cDNA in a total volume of 15 μL.

Statistical Analysis {#sec4.12}
--------------------

All experiments were conducted at least three times independently, except for the hemocompatibility and hemolysis assay in which the blood of six different donors was used. Comparison of the different samples was done by one-way ANOVA and Bonferroni correction as a post-test.
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![Cell Viability of EA.hy926 Cultured on ATCOL Layers\
(A) Cell number analysis of EA.hy926 by CASY measurement. 75,000 cells were seeded onto different ATCOL-coated glass slides in a 24-well plate and cultivated for 48 hr. After cell detachment, the cell number was measured. An uncoated glass slide served as a control. Each bar represents the mean ± SEM (n = 3). \*\*\*p \< 0.001. (B--F) Microscopy images of EA.hy926 cultivated on different ATCOL layers after 24 hr of cultivation: (B) EA.hy926 on 0.008% ATCOL, (C) EA.hy926 on 0.016% ATCOL, (D) EA.hy926 on 0.032% ATCOL, (E) EA.hy926 on 0.064% ATCOL, and (F) glass slide as a control. Scale bars, 200 μm. CTRL, control.](gr1){#fig1}

![Release of siRNA AF 488 Particles from ATCOL Coatings\
(A) Release kinetics of siRNA AF 488 incorporated in ATCOL layers. Glass slides were coated with either 0.008% or 0.032% ATCOL combined with 1, 2.5, or 5 μg siRNA AF 488. Coated slides were set in a 24-well plate and incubated in PBS at 37°C. Supernatants were collected and measured with a fluorescence reader at 485-nm excitation and 535-nm emission wavelengths at different time points. Each bar represents the mean ± SEM (n = 3). (B) RFU of released siRNA of ATCOL layers after 9 days. Final values of release kinetics in (A) are shown in a column diagram for improved distinction of different ATCOL samples. CTRL, control. \*p \< 0.05; \*\*p \< 0.01.](gr2){#fig2}

![Transfection Efficiency after ATCOL-Mediated Transfection of siRNA AF 488 with or without Lipofectamine 2000\
(A) 75,000 EA.hy926 cells were cultivated on 0.008% ATCOL with incorporated siRNA complexed or noncomplexed with Lipofectamine 2000. Transfection efficiency was analyzed by flow cytometry after 48 hr of cultivation. (B) 75,000 EA.hy926 cells were cultivated on 0.032% ATCOL with siRNA complexed or noncomplexed with Lipofectamine 2000 and then treated as mentioned previously. Coatings without siRNA and Lipofectamine 2000 served as a control. Each bar represents the mean ± SEM (n = 3, or n = 6 for 0.032% ATCOL with Lipofectamine 2000). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. CTRL, control.](gr3){#fig3}

![ICAM-1 Expression after Knockdown with ICAM-1 siRNA with or without Lipofectamine 2000 Mediated by 0.008% and 0.032% ATCOL Transfection Coatings\
Glass slides were coated with ATCOL transfection solution and put into a 24-well plate. 75,000 EA.hy926 cells were cultivated on coated glass slides for 48 hr and were then activated with TNF-α. ICAM-1 expression was analyzed by flow cytometry. (A) Coatings consisting of 0.008% ATCOL and 1, 2.5, or 5 μg siICAM-1 with or without Lipofectamine 2000. 0.008% ATCOL coatings with the same amounts of siSCR (scrambled siRNA) and Lipofectamine 2000 served as a control. (B) 0.032% ATCOL coatings with 1, 2.5, and 5 μg siICAM-1 and Lipofectamine 2000. siSCR served as a control. The control (+ TNF + Ab) was set to 100% in (A) and (B). Each bar in (A) and (B) represents the mean ± SEM (n = 3). \*\*p \< 0.01; \*\*\*p \< 0.001.](gr4){#fig4}

![ICAM-1 Expression after Long-Term Knockdown of ICAM-1 Examined by Flow Cytometry\
Glass slides were coated with ATCOL/siICAM-1 transfection solution for substrate-mediated transfection and laid in a 24-well plate. For conventional transfection in tissue culture, ATCOL/siICAM-1 transfection solution was added to the cell culture medium, where EA.hy926 cells were seeded 1 day prior. After each time point, cells were activated for 14 hr with TNF-α and analyzed by flow cytometry. ICAM-1 expression was calculated after setting the TNF-α control to 100%. Each bar in (A) and (B) represents the mean ± SEM (n = 3). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. gs, glass slide; tc, tissue culture.](gr5){#fig5}

![Sequence of 5′-RLM-RACE-PCR Product after Transfecting EA.hy926 with 0.032% ATCOL-Mediated siICAM-1 Coating\
After cultivation of 75,000 cells on coated glass slides, RNA was isolated followed by the 5′-RLM-RACE-PCR procedure. The cleavage site of *ICAM-1* mRNA was detected at 1,818 bp (128--146) with the RNA adaptor sequence (147--163). Each bar represents the mean ± SEM.](gr6){#fig6}

![Hemocompatibility Analysis of 0.032% ATCOL/siICAM-1-Coated Glass Slides\
Coated slides were incubated with fresh human blood at 37°C under gentle shaking. The 0-hr and 1-hr samples served as the control and the baseline, respectively. After incubation, different blood cell numbers and inflammatory parameters were analyzed by a cell counter or ELISAs: (A) erythrocytes × 10^3^ mm^−3^; (B) leukocytes × 10^3^ mm^−3^; (C) platelets × 10^3^ mm^−3^; (D) lymphocytes × 10^3^ mm^−3^; (E) monocytes × 10^3^ mm^−3^; (F) granulocytes × 10^3^ mm^−3^; (G) SC5b9 (ng mL^−1^); (H) C3a (ng mL^−1^); and (I) PMN elastase (ng mL^−1^). Hemolysis was determined by the detection of free hemoglobin with citrate plasma and a reaction kit: (J) hemolysis (mg dL^−1^). Each bar represents the mean ± SEM (n = 6). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.](gr7){#fig7}

###### 

Primer Sequences for 5′-RLM-RACE-PCR

  5′-RLM-RACE-PCR              Primer
  ---------------------------- ------------------------------------------------------
  First-strand *ICAM-1*        5′-AGGTACCATGGCCCCAAATG-3′
  *ICAM-1* RACE 1              5′-ACTCTGTTCAGTGTGGCACC-3′
  *ICAM-1* RACE 2              5′-TCTTCCTCGGCCTTCCCATA-3′
  *ICAM-1* RACE 3              5′-TGGCCCCAAATGCTGTTGTA-3′
  RNA adaptor (universally)    5′-GCUGAUGGCGAUGAAUGAACACUGC GUUUGCUGGCUUUGAUGAAA-3′
  Outer primer (universally)   5′-GCTGATGGCGATGAATGAACACTG-3′
  Inner primer (universally)   5′-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3′
